FBI-1, a member of the POK (POZ and Krüppel) family of transcription factors, plays a role in differentiation, oncogenesis, and adipogenesis. eEF1A is a eukaryotic translation elongation factor involved in several cellular processes including embryogenesis, oncogenic transformation, cell proliferation, and cytoskeletal organization. CCS-3, a potential cervical cancer suppressor, is an isoform of eEF1A. We found that eEF1A forms a complex with FBI-1 by co-immunoprecipitation, SDS-PAGE, and MALDI-TOF Mass analysis of the immunoprecipitate. GST fusion protein pull-downs showed that FBI-1 directly interacts with eEF1A and CCS-3 via the zinc finger and POZdomain of FBI-1. FBI-1 co-localizes with either eEF1A or CCS-3 at the nuclear periplasm. CCS-3 enhances transcriptional repression of the p21CIP1 gene (hereafter referred to as p21) by FBI-1. The POZdomain of FBI-1 interacts with the co-repressors, SMRT and BCoR. We found that CCS-3 also interacts with the co-repressors independently. The molecular interaction between the co-repressors and CCS-3 at the POZ-domain of FBI-1 appears to enhance FBI-1 mediated transcriptional repression. Our data suggest that CCS-3 may be important in cell differentiation, tumorigenesis, and oncogenesis by interacting with the proto-oncogene FBI-1 and transcriptional co-repressors.
Introduction
FBI-1 (also called Pokemon or ZBTB7A) is a transcriptional repressor member of the BTB/POZ domain and Krüppel-like zinc finger family [1] [2] . Originally, FBI-1 was isolated as a cellular factor that binds to the inducer of short transcripts of the human immunodeficiency virus-1 and the proximal GC-rich sequence of ADH5/FDH [3, 4] . Molecular cloning revealed that FBI-1 is a transcription factor with a POZ domain at the N-terminus and Krüppel-type four C 2 H 2 zinc fingers at the C-terminus [4, 5] . Western blot analysis showed that FBI-1 is a 75 kDa protein. FBI-1 has a variety of biological functions such as HIV-1 Tat trans-activation, enhancement of NF-κB activity, adipogenesis, osteoclastogenesis, B-cell lymphoma, and repression of ADH5/FDH gene transcription [4, [6] [7] [8] [9] [10] . SAGE (serial analysis of gene expression) analysis shows that FBI-1 expression is increased in multiple cancers (available at www.ncbi.nlm.nih.gov/UniGene/clust.cgi?ORG= Hs&CID=465623). Recent reports show that FBI-1 causes cancer in the thymus, liver, and spleen by repressing the tumor suppressor gene ARF, which in turn lowers the expression of another tumor suppressor gene, p53 [11] . Also, LRF (the mouse homolog of FBI-1) regulates Bversus T-lymphoid lineage fate decision [12] .
Eukaryotic translation elongation factor 1A (eEF1A) is a 50 kDa monomer that carries the aminoacyl-tRNA to the A-site of the ribosome during translation [13 and references therein]. eEF1A also plays a role in several other cellular processes including embryogenesis, senescence, oncogenic transformation, cell proliferation, apoptosis, and cytoskeletal organization [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Though mainly present in the cytoplasm [25 and references therein], a small amount of eEF1A has been previously located in the nucleus [26] [27] [28] [29] [30] [31] . Even though eEF1A binds viral RNA and RNA polymerase [32] [33] [34] , the involvement of eEF1A in nuclear processes largely remains to be established. CCS-3 protein (cervical cancer suppressor 3) was isolated through a yeast two-hybrid screen as a protein that interacts with the BTB/POZ-domain family transcriptional repressor, PLZF (promyelocytic leukemia zinc finger protein), and is proposed to be an isoform of eEF1A [35] . CCS-3 interacts directly with PLZF. CCS-3 acts as a transcriptional repressor of a PLZF responsive reporter construct and enhances transcriptional repression by PLZF. It has been suggested, though not proven, that CCS-3 interacts with transcriptional co-repressors [35] . These data suggest that the molecular interaction between CCS-3 and PLZF might be important in the biological functions of PLZF [35] .
This study investigates biological functions carried out by the proto-oncogene FBI-1. Recently, we and others found that FBI-1/LRF potently represses the ARF-Mdm2-p53-p21 pathway, which is a major cell cycle control pathway [11, 36, 37] . FBI-1 might carry out key regulatory functions, such as cell cycle control, by interacting with other regulatory proteins. To understand the biological function of FBI-1, we isolated a nuclear protein complex by immunoprecipitation using an antibody specific to FBI-1. MALDI-TOF mass analysis showed that eEF1A, a eukaryotic translation elongation factor, interacts with FBI-1. This study investigated and showed that CCS-3, an eEF1A isoform, enhances transcriptional repression by FBI-1 by interacting with both co-repressor proteins and the FBI-1 POZ-domain. These interactions may affect oncogenic transformation and cell proliferation by potently repressing p21 gene transcription.
Materials and Methods
Plasmids, antibodies, and reagents pGL2-p21-Luc-Wt (-2.3 kb) and pGL2-p21-Luc Wt (-133 bp) plasmids were kindly provided by Dr. Yoshihiro Sowa of the Kyoto Perpetual University of Medicine (Kyoto, Japan). pcDNA3-FBI-1, pcDNA3-eEF1A, and pcDNA3.1-CCS-3 plasmids were prepared by cloning the respective cDNA fragments into the pcDNA3 or pcDNA3.1 vector (Invitrogen, CA, USA). To prepare recombinant GST-fusion proteins, cDNA fragments encoding POZFBI-1 (a.a. 1-130) and ZFDBDFBI-1 (a.a. 382-490) were cloned into pGEX4T1 or pGEX4T3 (Amersham Biosciences, NJ, USA). The mammalian expression plasmids for Gal4-POZFBI-1 (a.a. 1-130) and Gal4-CCS-3 (a.a. 1-361) fusion proteins were constructed by subcloning amplified cDNA fragments into a pCMX-Gal4 fusion expression plasmid. Preparation of nuclear extracts Nuclear extracts were prepared according to the method by Dignam et al. [39] . HEK293TREx-FBI-1 stable cells were harvested by centrifugation and suspended in two packed cell pellet volumes of buffer A [10 mM HEPES (pH 7.9 at 4°C), 1.5 mM MgCl 2 , 10 mM KC1, and 0.5 mM DTT] and lysed by ten strokes in a glass Dounce homogenizer. The homogenate was centrifuged for 10 min at 2, 000 rpm to collect the nuclear pellet. This pellet was subjected to a second centrifugation for 20 min at 25,000x g to remove residual cytoplasmic material. The resulting pellet was designated as crude nuclei. The nuclei were resuspended in buffer C [20 mM HEPES (pH 7.9), 25% (v/ v) glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and 0.5 mM DTT] with a glass Dounce homogenizer (tight type, Wheaton, NJ, USA). The resulting suspension was stirred gently with a magnetic stir bar for 30 min and centrifuged for 30 min at 25,000x g. The resulting clear supernatant was dialyzed against 50 volumes of buffer D [20 mM HEPES pH 7.9, 20% (v/v) glycerol, 0.15 M NaCl, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and 0.5 mM DTT] for five hours. The dialysate was centrifuged at 25,000x g for 20 min, and the resulting precipitate discarded. In contrast, the supernatant, designated as the nuclear extract, was frozen as aliquots in liquid nitrogen and stored at -80°C.
Isolation of the nuclear protein complex containing FBI-1
To isolate the nuclear proteins containing FBI-1 from HEK293TREx-FBI-1 stable cells, nuclear extract was pre-cleared with anti-mouse IgG-agarose (Sigma, MO, USA) for 2 hrs and incubated with anti-Flag M2-agarose (Sigma, MO, USA) overnight at 4°C. The anti-Flag M2-agarose resin was washed first with wash buffer (20 mM HEPES pH 7.5, 1 mM EDTA, 10% glycerol, 200 mM KCl, 0.2% NP-40) and then TBS (50 mM TrisHCl pH 7.4, 150 mM NaCl). The bound proteins were then eluted with 3x Flag Peptide (Sigma, MO, USA).
MALDI-TOF mass spectrometry
Gel spots were excised, destained by reduction using 30 mM potassium ferricyanide/100 mM sodium thiosulfate, and washed with water. The gel pieces were then incubated with 0.2 M NH 4 HCO 3 for 20 min, dehydrated, shrunk twice with 100% acetonitrile, and dried by vacuum centrifugation. For "in gel" digestion with trypsin, gel pieces were rehydrated in digestion buffer containing 0.05 M NH 4 HCO 3 , and 10 ng/µl of modified porcine trypsin (Promega, Madison, USA) at 4°C for 30-45 min. Then the excess supernatant was removed and the gel pieces were covered with 30 µl of 0.05M NH 4 HCO 3 buffer. Digestion was performed overnight at 37°C, and after the 'in-gel' tryptic digestion, tryptic peptides were extracted from the gel particles. Samples were desalted using a GELoader tip (Eppendorf AG, Germany) packed with POROS 20 R2 resin (Applied Biosystems Inc., CA, USA). Peptide binding and washing were carried out in 0.1% trifluoroacetic acid (TFA) in water. To produce the MALDI sample matrix, α-cyano-4-hydroxy cinnamic acid was dissolved in a solution containing 70% acetonitrile and 0.1% TFA at 5 g/l. The elution was performed with 1 µl of sample matrix, and the eluted peptides were directly spotted on the target plate. Protein identification was carried out using peptide mass fingerprinting (PMF) using a matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometer (Voyager DE-PRO MALDI-TOF mass spectrometer, Applied Biosystems Inc., CA, USA). Mass spectra were registered in reflectron positive ion mode. The mass accuracy was set at 50 ppm for PMF analysis. Database searches for PMF were performed using the MASCOT search program, developed by Matrix Science Ltd. (access is available on http://www.matrix.science.com), at the NCBI database (http:/ /www.ncbi.nlm.nih.gov/entrez) using the ExPASy Molecular Biology Server at the SWISSPROT database (http:// www.expasy.org).
Immunoprecipitation and Western blot analysis
Stable HEK293TREx cells with a doxycycline inducible FBI-1-Flag expression system were washed, pelleted, and resuspended in lysis buffer supplemented with protease inhibitors (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100). Cell lysates were pre-cleared and the supernatant was incubated with anti-Flag M2 antibody (SantaCruz Biotechnology, CA, USA) on a rotating platform overnight at 4°C followed by incubation with protein G-Sepharose Fast Flow beads. The beads were collected, washed, and resuspended in an equal volume of 5x SDS loading buffer. The immunoprecipitated proteins were separated by 12% SDS-PAGE and transferred onto a Immun-Blot TM PVDF Membrane (Bio-Rad, CA, USA). The membranes were blocked with 5% skim milk (BD Biosciences, MD, USA) and then blotted by incubation with Flag-tag, GAPDH, eEF1A antibodies. The membranes were then incubated with either HRP conjugated mouse or rabbit IgG. Protein bands were visualized with ECL solution (PerkinElmer, CA, USA).
To investigate protein-protein interaction between the CCS-3 and FBI-1, HEK293A cells were transfected with the pcDNA3.1-Myc-CCS-3 mammalian expression vector. The cell lysate was immunoprecipitated with anti-Myc tag antibody. The precipitate was separated by SDS-PAGE and analyzed by Western blot using anti FBI-1 antibody (Abcam, Cambridge, UK).
GST fusion protein purification, in vitro transcription and translation of co-repressors and pull-down assays
GST, GST-POZFBI-1, or GST-ZFDBDFBI-1 proteins were prepared from E. coli BL21 (DE3) transformed with the GST, GST-POZFBI-1, or GST-ZFDBDFBI-1 protein expression plasmids. Protein expression was induced by treating the transformed E. coli with 0.5 mM isopropyl-1-thio-D-galactopyranoside (IPTG) for 4 hrs at 37°C. The bacterial pellets were lysed with lysis buffer containing 1x PBS, 1 mM PMSF, 2 mM EDTA, and 0.2 mg/ml lysozyme, then sonicated 3~5 times at a 0.5 cycle with 50% amplitude (Dr. Hielscher GmbH, Germany). The recombinant proteins were purified with glutathione-agarose 4 beads by affinity chromatography (Peptron, Daejeon, Korea). The purified proteins were resolved by 12% SDS-PAGE to quantitate and assess purity. The purified GST fusion proteins (5 µg) were incubated with GSH-agarose (Sigma, MO, USA) for 1 hr in HEMG buffer (40 mM HEPES pH 7.9, 100 mM KCl, 0.2 mM EDTA, 5 mM MgCl 2 , 0.1% Nonidet P-40, 10% glycerol, 1.5 mM dithiothreitol, and protease inhibitor mixture, 1 tablet/50 ml of a protease inhibitor mixture (Roche, Germany)) at 4°C for 1 hr. After washing the agarose-GST protein complexes three times with 1 ml of cold HEMG buffer, 10 µl of in vitro translated eEF1A1 and CCS-3 were added and incubated in HEMG buffer at 4°C for 4 hrs. The reaction mixtures were centrifuged at 3,000x g at 4°C, the supernatants removed, and the pellets washed five times with cold HEMG buffer. The bound proteins were separated by 10% SDS-PAGE. Finally, the SDS-PAGE gel was dried and exposed to X-ray film using an image-intensifying screen (Kodak, NY, USA).
Immunocytochemical staining of FBI-1, eEF1A, and CCS-3
For immunostaining, HEK293A cells were grown on coverslips (Sunshine Works, Seoul, Korea) and transfected with pcDNA3.1-FBI-1 and either pcDNA3.0-eEF1A or pcDNA3.1-CCS-3 plasmids. Cells were fixed, permeabilized with 0.2% Triton X-100, blocked with 5% normal horse serum, incubated with mouse anti-Flag primary antibody, washed thoroughly, and then incubated with FITC-conjugated antimouse IgG secondary antibody. For double-staining, after washing, the cells were fixed with formaldehyde, blocked, and incubated with a different primary antibody (rabbit anti-His Fig. 1. eEF1A is a antibody). Subsequently, the cells were incubated with secondary antibody (anti-rabbit antibody conjugated with Rhodamine) and washed. Finally, the cells were washed with a solution containing 4, 6-diamidino-2-phenylindole and mounted on glass with mounting medium. All samples were examined with a LSM 510 confocal laser-scanning microscope (Carl Zeiss, Germany).
Transcriptional analysis of pGL2-p21-Luc by FBI-1, eEF1A, and CCS-3
Various combinations of pGL2-p21-Luc, pcDNA3.1-FBI-1, pcDNA3.0-eEF1A, pcDNA3.1-CCS-3, and pCMV-LacZ were transiently transfected into HEK293A cells using Lipofectamine Plus reagent (Invitrogen, CA, USA). After 24 hrs of incubation, the transfected cells were harvested and analyzed for luciferase activity. Activity was normalized using co-transfected β-galactosidase activity or protein concentration. Analysis of variance was employed to calculate the p value using statistical analysis program, SPSS (Statistical Package for the Social Sciences) (Chicago, USA).
Mammalian two-hybrid assays
The CV-1 cells were co-transfected with various combinations of pG5-Luc (0.2 µg), pGal4-POZFBI-1 (0.3 µg), pGal4-CCS-3 (0.3 µg), pVP16-corepressors (0.3 µg), and pCMVLacZ (0.2 µg). After 24 hrs of transfection with Lipofectamine Plus, the transfected CV-1 cells were harvested and assayed for luciferase activity. Luciferase activity was normalized using co-transfected β-galactosidase activity or protein concentration.
MTT assay
Human HEK293A cell were plated to ~50% confluence in 6 well culture dishes, transfected with FBI-1 or/and CCS-3 expression vector (1 µg) using Lipofectamine Plus reagent (Invitrogen, CA, USA). Transfected cells were incubated for 0, 2, 4, 6 days and incubated with 1 ml/well MTT (2 mg/ml). Precipitates were dissolved with 1 ml of dimethylsulfoxide. Cellular proliferation was determined from the conversion of MTT to formazan using a SpectraMAX 250 (Molecular Device Co., Sunnyvale, CA) at 570 nm. and pulled-down. The precipitates were resolved by 12% SDS-PAGE, and the gel was exposed to X-ray film. FBI-1 directly interacts with eEF1A or CCS-3.
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Results
eEF1A is a component of the nuclear protein complex containing the proto-oncogene FBI-1
Biological functions of a protein can be understood by determining interacting protein(s). To understand the biological functions of the proto-oncogene FBI-1, we isolated a nuclear protein complex containing FBI-1 from stable HEK293-TREx-Flag-FBI-1 cells by immmunoprecipitation using anti-Flag M2-agarose beads. The immunoprecipitates were separated by 12% SDS-PAGE and stained with a silver staining solution (Fig.  1A) . A 50 kDa protein band was excised from the gel, digested with trypsin, and subjected to MALDI-TOF mass spectrometry analysis. The 50 kDa protein was identified as eEF1A (eukaryote translation elongation factor 1A), which carries the amino acyl-tRNA onto the ribosome 
(green). (B) Cellular localization of CCS-3 and FBI-1. Arrow indicates the direction of expression scanning of CCS-3 (red) and FBI-1 (green). Expression vectors for Flag-FBI-1 (green)
and His-tagged eEF1A or CCS-3 (red) were co-transfected into HEK293A cells. The cells were fixed, hybridized with anti-Flag and anti-His antibodies, and further incubated with secondary antibody conjugated to either Rhodamine or FITC. Confocal microscopy showed that FBI-1 is present mainly in the nuclear periplasm. eEF1A and CCS-3 are present mainly in the cytosol, but low levels of eEF1A and CCS-3 are detected in the nucleus as reported previously [20, 21] . FBI-1 co-localizes with eEF1A and CCS-3 in the nuclear periplasm. during translation and is also involved in several cellular processes, including oncogenic transformation and cell proliferation (Fig. 1) .
The zinc finger DNA binding domain and the POZ-domain of FBI-1 directly interact with eEF1A and its isoform, CCS-3, in vivo and in vitro
Although we isolated eEF1A as a component of the nuclear protein complex containing Flag-FBI-1, we confirmed the molecular interaction by coimmunoprecipitation and GST-fusion pull-down assays. The nuclear extracts prepared from control and doxycycline inducible stable HEK293-TREx-FBI-1-Flag cells were immunoprecipitated using anti-Flag M2 agarose beads or control IgG conjugated agarose beads. The precipitates were analyzed by western blotting using antibodies against eEF1A, GAPDH, and Flag-Tag. The data show that FBI-1 interacts with eEF1A (Fig.  2B) .
Additionally, we investigated whether CCS-3, eEF1A isoform, could interact with FBI-1 by coimmunoprecipitation. HEK293A cells were transfected with a mammalian expression vector, pcDNA3.1-Myc-CCS-3. The cell lysate was immunoprecipitated with anti-Myc tag antibody, and the precipitate was analyzed by western blot using anti-FBI-1 antibody. Clearly, FBI-1 interacts with CCS-3 (Fig. 2C) .
We used GST-fusion protein pull-down assays to further investigate whether the molecular interaction between FBI-1 and eEF1A (or its isoform, CCS-3,) is direct. GST, GST-POZFBI-1, and GST-ZFFBI-1 were mixed with in vitro translated [ 35 S]-Methionine labeled eEF1A or CCS-3 polypeptides and pulled-down. Subsequent SDS-PAGE and autoradiography showed that both eEF1A and CCS-3 interacted via the zinc finger DNA binding domain and the POZ-domain of FBI-1 (Fig. 2D) .
Because CCS-3 is an isoform of eEF1A that lacks the 100 a.a. N-terminal GTP-binding domain, eEF1A interacts with FBI-1 via the a.a.102-462 region, the region that overlaps with CCS-3 (a.a. 1-361) (Fig. 2D) .
FBI-1 and eEF1A or CCS-3 co-localize in the nuclear periplasm
To investigate the cellular localization of FBI-1 and eEF1A or CCS-3, the expression vectors for Flag-tagged FBI-1 and His-tagged eEF1A or His-tagged CCS-3 were co-transfected into HEK293A cells. Cell were fixed, hybridized with anti-Flag and anti-His antibodies, and incubated with Rhodamine or FITC conjugated secondary antibodies. As reported previously [7] , confocal microscopy showed that FBI-1 is present mainly in the nuclear periplasm, especially when FBI-1 is over-expressed. eEF1A and CCS-3 are preferentially localized in the cytosol. eEF1A was previously shown to be actively exported out of the nucleus by Exp5 [25] , however, a low level of eEF1A and CCS-3 were previously identified in the nucleus [26] [27] [28] [29] [30] [31] . eEF1A was also detected in our purified nuclear extract, and our immunoprecipitate of the nuclear protein complex (Fig 1A) . Confocal microscopic image analysis of stained cells in cross-sections apparently shows that FBI-1 and eEF1A or CCS-3 co-localize at the nuclear periplasm (Fig. 3A,  B) , though eEF1A was less pronounced.
CCS-3 enhances transcriptional repression of the cell cycle arrest p21 gene promoter by the protooncogene FBI-1
We analyzed the functional significance of FBI-1-eEF1A or FBI-1-CCS-3 interactions on the transcriptional regulation of target genes. Recently, we and others found that FBI-1 is a major regulator of ARF-Mdm2-p53-p21 pathway (p53 pathway) [11, 36, 37] . In particular, FBI-1 represses transcription of the p21 promoter by more than 70~80% by acting on both the proximal Sp1 binding GC-box 3 element and the distal p53 responsive regulatory elements. The transcriptional repression involved competitive binding with Sp1 and p53 on the proximal promoter and distal binding elements, respectively. Once FBI-1 succeeded in binding, interaction with the co-repressors played an important role in transcriptional repression by deacetylating histone H3 and H4 at the promoter [37] .
We investigated whether CCS-3 or eEF1A could affect transcriptional repression of two p21 promoter constructs by FBI-1. We co-transfected eEF1A or CCS-3 expression vectors with FBI-1 and the pGL2-p21-Luc reporter plasmid (-2.4 kb or -133 bp) in HEK293A cells (Fig. 4A) . In the two promoter constructs tested, CCS-3 co-expression significantly enhances FBI-1-induced transcriptional repression by an additional 30~50%, depending on the promoter construct (Fig. 4B) . Also, FBI-1 expression decreased the endogenous p21 protein and mRNA levels, and CCS3 co-expression further decreased p21 protein and mRNA expression (Fig. 4C) . Ectopic eEF1A did not show a clear regulatory effect on FBI-1-mediated transcriptional repression of the p21 Fig. 6 . The CCS-3 and FBI-1 increases cell proliferation, and molecular interaction between FBI-1 and CCS-3 further stimulates cell proliferation. MTT assays were performed in HEK293A cells transfected with FBI-1 or/and CCS-3 expression vector. HEK293A cells grown for 0, 2, 4, 6 days and analyzed for conversion of MTT to formazan. All assays were performed in triplicate. Error bars are included, but are too tight to see. Analysis of variance was employed to calculate the p value. A P value <0.05 was considered to be significant. promoter (data not shown), perhaps due to rapid nuclear export of eEF1A. In contrast, CCS-3, which lacks the N-terminus (1-100 a.a.) of eEF1A, appears to be somewhat refractory to nuclear export, residing to a greater extent in the nuclear periplasm as revealed by immunocytochemistry (Fig. 3B) , thereby explaining why CCS-3 was able to enhance transcriptional repression by FBI-1.
The FBI-1 POZ-1 domain and CCS-3 interact with co-repressors (SMRT, BCoR) independently
We recently found that, by mammalian two-hybrid assays and co-immunoprecipitation, the FBI-1 POZdomain interacts with co-repressors (SMRT, BCoR) [37, 40] (Fig. 5A) . Such molecular interactions are important in the transcriptional repression of FBI-1 target genes, such as p21 and Rb [37, 40] . Additionally, the FBI-1 POZdomain is important in transcriptional repression [4, 40] . In mammalian two-hybrid assays, luciferase reporter activities indicate the molecular interaction between the POZ-domain and the co-repressor. Accordingly, we investigated whether the molecular interaction between the POZ-domain and the co-repressors is affected by ectopic CCS-3 expression in CV-1 cells. Interestingly, ectopic CCS-3 increased the reporter activity (Fig. 5A ).
CCS-3 may simply increase the interaction between corepressor and FBI-1, however, the reporter activity increased by approximately two-fold. These data suggest that CCS-3 might interact with co-repressors while bound to the POZ-domain of FBI-1 bound at the proximal UAS (upstream activator binding sequence) of the test pG5-UAS-Luc promoter. Therefore, the corepressor-CCS3 interaction may be independent of corepressor-FBI-1 interaction. Accordingly, we investigated whether CCS-3 interacts with transcriptional co-repressors by mammalian two-hybrid assays. Indeed, CCS-3 interacts with SMRT and more strongly with BCoR (Fig. 5B) . In contrast, the POZ-domain interacts with SMRT more strongly than BCoR. These data suggest that CCS-3 enhances the transcriptional repression potential of FBI-1 by interacting with the POZ-domain of FBI-1 and recruiting additional co-repressors (Fig. 5C) .
The CCS-3 and FBI-1 increases cell proliferation, and molecular interaction between FBI-1 and CCS-3 further stimulates cell proliferation
We investigated the functional significance of the molecular interaction between FBI-1 and CCS-3 on cell proliferation by carrying out MTT assays in human HEK293A cells. The assays clearly showed that although CCS-3 or FBI-1 could increase cell proliferation independently, co-transfection of CCS-3 and FBI-1 significantly further stimulated cell proliferation. The data suggested that the molecular interaction is important in the repression of cell cycle arrest gene p21 and accordingly in the stimulation of cell proliferation (Fig. 6 ).
Discussion
FBI-1 was originally isolated as a BTB/POZ class transcription factor that bound to HIV-1 LTR and ADH5/ FDH gene regulatory elements [3] [4] [5] . Subsequent investigation revealed that FBI-1 carries out various cellular regulatory functions, such as modulating HIV-1 transcription, nuclear trapping of NF-κB, adipocyte differentiation, osteoclastogenesis, and transcriptional repression of the ADH5/FDH gene [3] [4] [5] [6] [7] [8] [9] [10] . FBI-1 expression is often increased in cancer tissues. Recently, Maeda et al. and we showed that FBI-1/LRF is a potent proto-oncogene that regulates ARF gene of the p53 pathway and Rb gene [11, 40] . LRF caused oncogenic cellular transformation, and transgenic mice overexpressing LRF showed multiple cancers [11] .
Analyzing FBI-1 protein-protein interactions will help us to understand its various cellular regulatory functions. This study shows that FBI-1 interacts with eEF1A. Although eEF1A is principally involved with translation initiation (13 and references therein), several reports have suggested that eEF1A is also involved in oncogenic transformation and cell proliferation [14 and references therein; [15] [16] [17] [18] [19] [20] [21] . For example, an eEF1A isoform, PTI-1 (tumor-inducing gene 1), has an oncogenic nature, identified in prostate, breast, colon, and lung cancer cell lines [22, 23] . In addition, over-expressing eEF1A mRNA has been correlated with increased metastatic potential in mammary adenocarcinoma [24] . Recently, another eEF1A isoform, CCS-3, was isolated as a protein that interacts with the BTB/POZ-domain transcription factor, PLZF [35] .
Static images from confocal microscopy show that eEF1A and CCS-3 are predominantly located in the cytoplasm, but this result does not suggest that eEF1A and CCS-3 are located only in the cytoplasm. Some reports suggest that both proteins are also detected in the nucleus. Interaction with other proteins can change the cellular localization of a particular protein, especially when this interaction is critical for cellular functions. For example, the zinc finger protein ZPR1 is present in the cytoplasm of quiescent mammalian cells. EGF stimulation of mammalian cells triggers the formation of ZPR1/eEF1A complexes and translocation of both ZPR1 and eEF1A from the cytoplasm to the nucleus [26] . Disrupting the binding between ZPR1 and eEF1A by mutational analysis caused cells to accumulate in the G2/M phase of the cell cycle, resulting in defective growth. Reconstituting the ZPR1/eEF1A interaction restored normal growth. Thus, the formation of nuclear ZPR1/eEF1A complexes is essential in the normal growth of proliferating cells [26] .
Interestingly, Exp5 exports eEF1A from the nucleus via tRNA, thereby confining most eEF1A to the cytoplasm. This finding suggests that eEF1A must be necessary and present in the nucleus (25) . Some reports have suggested that 10-15% of cellular translation occurs in the nucleus, indicating that some eEF1A should be present [27] [28] [29] [30] [31] [32] [33] [34] [35] . Cross sections of confocal microscopic images show that the FBI-1 and eEF1A staining patterns overlap in the nuclear periplasm. In addition, confocal cross sections also showed that CCS-3 and FBI-1 staining patterns overlap in a broader region of the nuclear periplasm. This may explain the significant transcriptional repression by CCS-3.
The member of the p53 pathway primarily regulated by FBI-1 is p21 [37] . FBI-1 caused oncogenic transformation and potently promoted cellular proliferation by inhibiting p21 gene expression, which is important in cell cycle arrest [37, 41, 42] . FBI-1 repressed transcription by acting on both the proximal promoter and distal p53 responsive elements through binding competition with Sp1 and p53. Interestingly, CCS-3, an eEF1A isoform, enhances the transcription repression of p21 by FBI-1. This repression is similar to enhancing transcriptional repression of the PLZF target reporter promoter by PLZF [35] . As CCS-3 interacts with PLZF, it also interacts with the FBI-1 POZ-domain, which is important in the transcriptional repression of p21 by FBI-1.
Intriguingly, we found that CCS-3 interacted with transcriptional co-repressors SMRT and BCoR, independent of FBI-1, and it could repress transcription of p21. CCS-3 further enhances transcriptional repression by FBI-1 by recruiting additional transcriptional co-repressor-HDAC complex when tethered to the FBI-1 POZ-domain. This molecular mechanism may also apply to the transcription repression by PLZF. CCS-3 interaction with transcriptional co-repressors might be important in FBI-1 oncogenic activity by recruiting more co-repressor-HDAC complex to the promoters of FBI-1 target genes important in cell growth and proliferation, e.g. p21.
It is generally accepted that over-expressing translation initiation factors is a significant event in oncogenic cell transformation and malignancy. The protein interaction between CCS-3 or eEF1A and the proto-oncogene FBI-1 might initiate a cellular regulatory mechanism that couples translation and cell proliferation.
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